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OF CORTROL SURFACES BASED OH ATAILABLE 

By Albert L. Erickson and Jack D. Stephenson 

This report  presents the results of a study of the movement of 
shocks on a three"dimensional wing with and without aileran f l u t t e r  
occurring. The studies  include a n&er of c a s  and variations 
t o  the w i n g  and control. From these d a t a  and basic  considerations 
of the cause and mechani~rm of *t may be tennsd "transonic flutter, t '  
a tentative method of analy-sfs is developed. 'Be results of the teste 
are presented, followed by a general  discussion and specific desigu 
recomnendations. It is e h m  that the transonic flutter i e  caused by 
a lag in bufld-up of the resultant mcrment due t o  the velocity 
over the w i n g  beccaning high enough t o  re- the change in circula-  
tion following  contro& disphcement. Under -these conditiom, the 
hinge moment aots in €he direct i& of the motion f o r  more than one- 
halp a complete  cycle so that a steady oscillation may exiet. Ipram 
the a3lalysl=a it is concluded that controls must be designed with a 
large mas8 moment of i ne r t i a  o r  with a hi& degree of i r revers ib i l i ty  
3 f  w i n g  is not  used. When a mechanical.,restraining  effect I s  in 
the control system, care mast be taken in desieJl of the con t ro l  system 
t o  insure that the natural frequenoy of the systein is not in the ran- 
of frequencies between nne-half the aerodynamic frequency and the 
aerodynamic frequency. 

Tests of a full+cale  partial+3pan  amlane w i n g  were undertaken 
in t h e  l-oot hi@-apeed wind tunnel after an airplane employing this 
wing e-ibited cantrol-8urPace  vibrations whbh were associated with 
high-speed flight (reference 1) . The vibration waa sa t i s fac tor i ly  
duplioated in t h e  w i n d  tunnel and vas deinmstrated t o  be a new tspe 
of f l u t t e r  which is the result of the f l o w  velocit ies in fl ight at 
high subsonic speeda. Because the flutter  could  not be prevented by 
restraining the motion of the w l n g  In bending and toreion, it w88 
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concluded that t he  suncPace could maintain steady .or divergent o s o i m  I 

tiona 8bOUt its h i q 9  line wlth only one degree of mechanical. freedan, 
which proved t he  existence of a new type of f lut ter .   Ylut ter  vas 
prevented by restraining t h e  control cables,  producing a condition 
which simulates irreversible controls. Ikmping in the eyetan waa also 
effective in eliminating a l l  b u t   t r m i e n t  osoillation. 

Beveral useful testing techniques were used. These coneisbd 
of ( a )  measuring the aerodynamic forces directly by the use of 
instantsneous recording pressure cells, (b) meaeuring the viscoue 
danrpfng required t o  prevent the flutter, and (0) photogmphbg the 
shock wave motion and aileron motion by the m e  of ahadowgraphs and 
measuring the phase difference between these motione. W i t h  the last 
.arrangement a nuzuber of changes t o  the a e r o m o  oharaoteristics 
mre investigated. lhis report is concerned primarily et21 the results 
of this investigation.  Control-mrrfaoe  flutter is diecuaeed and 
certain inferences as to other types of possible transonic f l u t t e r  
are indicated. 

BPMBOIa 

The symbol~l wed in this report are defined as follove: 

velocity of sound, feet  per second 

aileron span, feet 

wing chord, feat 
msm-square chord of aileron, square feet 

distance between shock wave and trailing edge, f e e t  

aerodynamic frequency, cycles per second 

f l u t t e r  frequenoy, cycles per second 

acceleration due t o  gradty, feet per eeomd 8q-d 

=BE, pound eecand squared per foot  

rlymmic pressure, pounds per square f o o t  

distsnoe from hinge line t o  o e c t e r  of gravity, feet 

time, seocmds 

. 
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distaste from lehding edge, f e e t  

varfation of hinge mcment with  aileron angle (&/aak) 
foot+pamds per radian 

ltamping coefficient, l o o t - p o u n d s ~  s e c ~ n a f  

aileron hingeinament coefficient 
L a % )  

increment fn hinge-nt coefficient due to buffeting 

hinge mcmLBnt, foot+gounds 

ampli tub of hinge-nt function, foot-pounds 

aileron mass moment of inertia about the hinge line, 
foot-pounds seconds squared 

equivalent  spring constant, foo-kgounds per unit a;nguls;r 
displacement 

free-atream Mach nuniber 

c r i t i c a l  Mach number 

period of osci&lation, seconds 

angle of attack, degree& 

aileron angle, degrees -on radians 

aileron angular amplitude, d e m e a  o$- radian8 

phase angle between aileron displacement and shock 
* 

displacement, degrees (Positive V ~ I B E  indicate a 
lagging shock. ) 

phase angle betmen aileron displacement and hinge 
moment, degrees (Positive values indicate a leading 
hinge moment. ) 

f lu t t e r   c i r cu la r  frequency (2rrf), radians &r eecoad 

aerodynamic o i r c u w  frequenoy (Sxfa), radians per 
second 

L 



4 

TEST APPARATUS ARD PRoCEIxTHE 

!&e test w i n g  wa8 a full-scale  partlal+pan  productian wing of 
a fighter airplane and was mounted i n  the Ames l&foot  him-qmed 
wind tunnel a8 shown in figure 1. The control  surface, an aileron, 
had no aerodynamic balance 8nd was hinged along the upper aurface of 
the wing by a continuous piano-typ hlnge. For moet of the t es ta  
the t i p  of the wing WBs supported in order t o  eliminate w i n g  bending 
and torelon aa nearly aa possible (fig.  1). 

'phe test w i n g  had the following wornetric cha;raclx3rlstioe: 

Wing section . . . . . . . . . . . . . . .  HaCA 651a13, a = 0.5 

Aileronarea.. . . . . . . . . . . . . . . . . . . . .  8.758qft  

Wing span.  . . . . . . . . . . . . . . . . . . . . . . .  9.85 ft 

Mea W r O d g a a m i O  ohord . . . . . . . . . . . . . . . . .  4-83 it 
Aileron 

Aileron 

A l l e K w  

Aileron 

Aileron 

epan . . . . . . . . . . . . . . . . . . . . . .  7.5ft  

m o t  chord . . . . . . . . . . . . . . . . . . .  1.458 rt 
I 

t i p c h o r d . .  . . . . . . . . . . . . . . . . . .  0.875ft 
c 

rootmean-equam  chord . . . . . . . . . . . . .  1.18 ft 

hinge-line location . . . . . . .  25 percent of w i n g  chord 
fram trailing e- 

I 
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on the screen at  the leading edge, 50 percent chord,  and t r a i l i n g  
&ge 80 that the sPlock&ve P O E i t ~ O T l s  c d d  be ma6UI'0d. The li&t 
intensity lfmited, to approximately 100 frames per second, the 
camera speed a t  which data could be obtained. A t  this speed approxi- 
me~tely f ive  pictures were  Wen during  each  cycle of motion. 

In obtaining the shadowgraphs, the aileron was restrained a t  an 
angle near  zero, the tunnel spegd W - ~ B  increased t o  that at which data 
were desired (approximately 0.8q h@ch number), the camera was started, 
and then the aileron was released. h this manner 'pictures of the 
shock mve with and without  aileron motion were obtained. 

The'Ames 1- by 35-foot  transonic wind tunnel was used for two 
short  t e s t s .  In these tests the schlieren  apparatus with a strobo- 
ecopic l i g h t  was used t o  visualize the flow. The models f o r  this 
wind tunnel were made of so l id  steel and spanned the t e s t  section. 

Fmmm 
d 

Study of h i g h e p e d  Shad~Wgraphs of the aileron and shock-wave- 
motions showed that consistent r e l a t i m h i p s  between these motions 
could be measured, and indicated that ueeful information  concernhg 
khe time lags in the flow changes about the wing could be obtained. 
The following  paragraphs  point  out the significant results obtained 
f o r  various modificatpns based, for the most p a r t ,  upon ahadowwaph 
data such as those presented in figures 3 through 24. 

Standard Wing and Aileron 

The photographs shown in figures 3 and 4 are consecutive  piatures 
W e n  from a motion picture. In the   f i r a t   s e t   ( f i g .  31, the relative 
steadiness of the shocks before the c m t r o l  was released is i l lus t ra ted .  
Ih figme 4 are eight pictures i l l u s t r a t ing  the motion of the shock 
and ai leron  during  f lut ter .  By analyzing a eeriee of these cansecutive 
pictures (of which the eight s h m  were t y p i o a l ) ,  the shock motion 
and corresponding aileron motion were determined. 

Ih figure 5 the ailerm and shock  motion are plot ted w i t h  the 
second and all subsequent cycles ehifted t o  make them coincide xith 
the f i rs t  cycle. 'phe data are approximated by einusoidal curvee 
which are  also shown. The oecillogmph reoords of the a i l e m  position, 
taken a t  the  me time as the motion picturee, were used t o  determine 
the amplitude and mean angle of the c m t r o l  in addition t o  the e x w t  
flutter frequency. The aileron angles 85.8 plot ted wfth reference to . 
the mean control angle. Figure 5 shorn the time lag between m e  aileron 
position asd t h e  shock position asd, therefore, the phaae re lat ion 
between the flow changes and the a i l e r m  motion. 
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It is t o  be noted that f o r  the standard w i n g  and aileron a 
phase difference of 67' exieted b e h e n  the shock  motion and the 
aileron motion. The aileron motion was from 6.2O t o  -12.2', a 
t o t a l  motion of 18.4', w i t h  a corresponding shock  motion f rm 59.7 
t o  76.8 percent of the chord, a , t o t a l  motion of 17.1 percent. ! C b  
noteworthy results f o r  the other  configurations are cal led t o  atten- 
t ion in the followtng  paragraphs. 

Spoilers a t  50 Percent Chord, 
Upper and Lower Surface 

The spoilers were instal led in an attempt t o  f i x  the ehock 
position by a loca l  low-ressure area. The spoiler  heights were 

. 0.0030 and 0.0024 of the mean aerodynamic ohord on the upper and 
lower surfaces, respectively. Ae sham by the pictures (figa. 6 and 
7), there were re la t ive ly  steady shocks at  the  spoilers by: additional 
shocks fonned farther back and ge.cilLated with the aileron  gotion. 
m e  aileron motion was frm 2.3 t o  l C . 3 O  or  a t o t a l  of 6.6 , corre- 
sponding t o  a t o t a l  ahock motion of 11 percent of the chord (74 t o  
63 percent). m e  phase difference (fig. 8) ws8 17', substantially 
less than that with the standard wing. 

Faired Bumps at the W e r c e n w h o r d   P o s i t i o n  

Beoause the spoilere limited the f l u t t e r  somewhat, 
that additiond  investigation of low-pressure areas was 
The first step was t o  fair over  the  spoilers Kith bumps 
The relatively eteady shocks a t  the midchord point were 

c 

it was decided 
desirable, 
of &inch  chord. 
much leee 

t 

intense, and the double amplitude of the con&ol f l u t t e r  was the ~ a m e  
aa f o r  the standard configuratirm (18.60), althougb the motlon of the 
shocks back of those on the bumps increased t o  a total of 27.5 peroent 
of the chord (82.5 t o  55 .O percent) . (See f iga. 9, 10, and II. ) 

&ired Bump8 a t  the 7WercenGChord  Position . 
Aa it was not  poesible t o  f ix  the shook8 at  the 50-percentrchord 

position  without another shock forming farther af%, fa i red  bumps uere 
added a t  the position where the shock motion for the atandard wlng 
centered, at 70 percent of the chord. Bumpa on each  surface wre 
8esigned t o  have lower o r i t i c a l  Mach numbers than the Ppercent-chord 
point of the standard wing at  an angle of attack of 1'. They had a 
ahord of- 6 inches and the heights were 0.0055 and 0.0032 of the mean 
asrodynamio chord f o r  the upper and lower surf~tces,  respectively. rn 

The shock foz.mation was not as olear-cut as f o r  the eta;ndard cam 
and a double ehock appeared in some of the pictures. (See f ig .  13.) 
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x It is interest ing t o  note that the  shwke seemed t0 o s o i l l a b  between 
the n o r m a l ~ e a k ~ r e e s u r e   p o i n t s  and the buarp-9eak-preesure points . 

(fig. 14), although the signlficaace of the forward motion of the 
cente-f-shock oscillation is obscured in the faot that the  angle 
of at tack was inatvertenz- set at lo for this test.  he auercm 
motion wae from 4 to 3 with a corresponding shock  motion frm 
59.6 percent to 71 peroent of the chord. 

V a r i a t i o n  of !Phicknese Ratio Along the Spas 

The percentage thickness of the wing was varied along the epan 
by increasing the thickness by e percent of the  chord at the inboard 
section and tapering t o  the original  section at the t i p .  (see f ig .  15.) 
Because only the upper surPace was altered, a variation in camber a l s o  
occurred. The increased  thiclmess, cmbined w i t h  the  increased camber, 
lowered the c r i t i c a l  Mach nlmiber of the i n b o d  section by about 0.05. 
The purpose of tes t ing  this   configurat ion was t o  ascertain whether 
mxrying t h e  critical Mach number along the span would a f fec t  the flutter. 
Flut te r  did r e su l t  even though the variation in c r i t i c a l  Mach number 
over the semispan m a  unua~allg bge (from 0.68 t o  0.72 f o r  31 percent 
of the semiapas) . The motion of the d o c k  was reduced, being only 
from 58.8 percent t o  67.5 percent of tihe chord (f ig .  18) w i t h  a 
corresponding aileron motion frcun -10' t o  6O, but the aileron motion 
w8s greater re la t ive  t o  the shock motion in this case as cnmpared t o  
the other  cases. Tapering In th icbeas   ac tua l ly  &ave a greater 
aileron motion f o r  a RmF1.m indicated shock motion. 

Bent Holes Between Upper and Lover Surface 

in an attempt t o  control  the flow  over thb aft par t  of the wing, 
circular  hole8 were cut  in the wing surfaces ahead of the hinge line, 
since the piano-typ hinge dld n o t  permit flow between thg  upper and 
lower surfaces . Two tests were conducted: the first wlth holes in 
the upper surface only (figs. 19, 20, asd 21) and the second with - holes in both surfaces (figs. 22, 23, and 24). The resu l t s  f o r  both 
cases were about the same; the phase lag of the shock m e  greater 
than f o r  any other  condition. This increased lag can be eqlained 
by the f a c t  that the flow through the holes was normal to the flow 
over the wing. The flow would normaUy tend to be from the unsep- 
mated t o  -the separated aide and probably increased the intensi ty  
of separation on m e  eide and delayed the a t a r t  of separation on the 
OppOSib B i b s  . 
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Buffeting Fornee on Fired C m t z o l s  

It m e  found that w i t h  the oontrol held as r ig id ly  as poesible 
there were e t i l l  rather large buffeting f m e a  present althou& t h e  
f l u t t e r  was ellmlnated.  Figure 29 I s  frcan reo& obtained Wing 
buffeting. !I!he s m  breaks in the recorde of aileron position were 
oaused by d i r t  par t ic les  an the slide xire. a i leron waa be- 
held very steady until the highest Mach  numbert3 were reached. 
Beveral such recorda were analyzed t o  obtain the average amplitudgs 
and frequencies of buffeting shown in figure 30. The frequency of 
buffeting at all Mach mmibers was agproxbately 32 cyules per aecand. 
At 0.825 Mach rimer, the f m e  variation was so large that holdlng 

. the aileron absolutely steady becams extremely di f f icu l t ,  and the 
motion apparently included higher hrumanic content plus a besting 
effeot all s u p r w o s e d  on a 3-cycle5m~seconh omi l l a t ion .  

DM buffeting h l n y n t  coefficients from figure 30 f o r  this 
' ving and aileran seem t o  vary linearly with Hach  number BO that 

. 

. . Stat ic   Chamoter is t ice  

The s t a t i c  hinge-moaaent data ( f ig .  31) show no unwud reversala 
of hinge mcanent. me only cmpreeeibi l i ty  effeot noted is a sliefit 
inorease in wlth increasing Mach number. 

m e  drag dsta ( f ig .  32) are presented ta c o n j u n c t i m ~ ~ t h  
figure 33 t o  ehow that the lowest speed a t  whioh flutter could be 
induced was above the Mach number of drag divergeme. 'Ihe inoreaee 
in drag between 0.5 and O a 7  Mach nUPiber wae large* due t o  increaeing 
t a r e  drag. It cam be seen that for this wing the flutter did not 
start until .the drag coefficient had increased about 0.01 above its 
low-apeed value. 
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For eteady  o.anditians 
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The s t a t i c  r ed t s  (fig. 31) f o r  the standard f i g  and aileron 
. i n d i o a t e  that the average s t a t i o  variation of the hinge mament with 

aileron angle agrees olosely with the aynamio variation indicated 
fn table I. It is reomamended, f o r  fAm preeent, that the dynamic 
hinge mcaaente be aeeumed equal t o  the s t a t i o  hinge moments In the 

. analysis of t ransanio  f lut ter .  It must be noted that low-peed hinge- 

' ohangem possible with traneonic flow. 
a moment SlOp13 will gene- not be satisfactory because of the large 



- 5  If the s t a t i c  hinge moments a m  always an indication of the 
dynamic effect, then aerodynamic balance will reduce the dynamic 
hinge momentq during transonic  flutter. Table I show6 also that 
when separation was forced t o  occur a t  the  507percenhhord  point 
the   f lu t te r  w&s less severe due probably t o  the decreased bine- 
moment slope. c 

- 

Method f o r  %!mating the llfrassonic F lu t te r  Problem \ 

In order t o  solve the "manic f l u t t e r  problem in the same 
manner as the l a w q e e d   f l u t t e r  problem k! solved, it is necessary 
t o  be able t o  c0mpu.b the frequency at  whfch f l u t t e r  will occur, 
the phase angle of the driving hinge moment ,  and the magnitude of 
this hinge moment. 

The method preeented uses the r e a i  o r  k-phase ccrmponent of 
the aerodynamic hinge moment under atatic  conditions as a meam of 
estimating the magnitude of the resultaqt dynamic hin- mament. The 
method assumes a linear variation of hinge m a m e n t  and, although t h i s  
assumption may be improved l a t e r ,  it ie believed that the reccamnended 
method of design should be satisfactory. The mechanical osci l la t ion 
theory  indicates that f l u t t e r  with one degree of free- can result 
frm a t h e  lag in the changes of the flow about the wing. The tfme 
lag can  be accentuated when the  velocity  over me wing approaches . 
the speed af sound. Impulses fram the t r a i l i n g  edge travel. forward 
at  a speed equal t o  the speed of sound minue the l o c a l  airepeed. A 
s t u d y  of t h e  various methods by which the lmpulses might  propagate- 
indicates that the controlling time lag is probably that time required 
f o r  a preesure impulse f rm the t r a i l i ng  edge t o  reach the ahock 1 

position. It then IS necessary  to deternine this time Lag in tsm 
of the local  velocity over the wing. 

a 

" 

Static  pr08Suredi8tribUtitm data for airfoil sections a t  trans- . 
onic speed8 show that the  local  velocity aft of t he  shock drops to a 
value near sonic  velocity and leaves  the  trailing edge a t  approxi- 
mately the free-tream velocity.. Assuming that apdses  from the 
trailing edge propagate forw8xd a t  the speed of sound minus the  local. . 
velocity  out8ide  the boundary layer, .$he time for   the  impulsea t o  
reach  the ahock poaitipn, assuming linear variationrr of l o c a l  

.. . 

velocity, is .I 
" 

" " - .: 
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c 

where 

d the distance from the trailing edge t o  the shock 

M the  free"etream Mach number 

a the velocity of sound 

The factor  IC is inserted in the equation t o  account for   the addi- 
t iona l  time required por  the  cmplete chasge t o  take place In the 
flow about  the wing .  This constant w a s  estimated as being agproxl- 
mately , equal t o  two. This value of the constant is inserted and 
the equation is inverted and used in terms of a frequency as 
f O U O W S  : 

I 

The parameter f a  w i l l  be called the aerodynamic frequency. 
Tbis f omrmla indicates the  frequency at which steady aerodynamic 
oscil lations,  if any, would occur. Ih an eTf o r t  t o  check the f o1"II[u1&, 
the buffeting  frequencies that occurred with no detectable  aileron 

0.75,  0.78, and 0.82 Mach  number t h e  steady hocks for as angle of 
attack of -1' and an a f l e r m  angle of Oo are, respectively, at 53, 
63, and 67 percent of the chord; the corresponding aerodynamic 
frequencies  calculated fram equation (8) are 31.3, 31.8, and 31.2 
Cycles per second, respectively. A chord equal t o  the average wfng 
chord at the aileron (4.67 f t )  was used in the c a l c u l a t i m .  These 
values  provide sat isfactory agreement w i t h  the measured frequency of 
buffeting, which was approximate&y 32 cycles  per second. The follow- 
ing phase angle equation IS  based on an upper flutter llmit equal t o  
the aerodynamic frequency and a lower flutter limit based on ewrl- 
mental data. ybich  indicate that damping begins t o  be negative at 
one- the aerodynamic frequency. It should  be  recomized that 
incipient  vibratione could appear  near this aseumed lower mit. 

' lirotion were investigated. From figure 34 it can be found that at  

= (1 - fa L ) 3 6 0  

where f is the f l u t t e r  frequency, -and fa is the aerodynamic 
frequency ~s detemnined from equation (8). In order to check t h i s  
equation a p t n e t  the r e su l t a  obtained by the  shadovpaphs,  table I1 
w-as prepared. The a e r o w i c  frequency was ccanputed using the 

m average gosit ion o! the " shock -."~"_ during "- . flritter. , .  
. .  - z .  -. . . I  

c 

L 

"* 
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Table I1 shows cansiderable  variation fn some individual 
results  but the averse values are  only 1l0 apart, which is 
considered t o  be quite 'good. The individual values cannot be 
used independently because t h e  f a i r ing  of the harmonic approxima- 
t i m a  could be altered In some cases; therefore, the average of 
a l l  the cases is considered a bet ter  check point. 

I -  

Additional Data Substantiating  the Aerodynamic- 
Frequency and Phaee-Angle Formulas 

Transonic tests of two mudl two-dimensiond airfoils (6- and 
&inch c h o r h )  have been conducted in the Ames 1- by W o o t  trans- 
onic wind tunnel. The data obtained to date are meapr  but tend t o  
substant ia te  €he aerodynamic frequency  and phase-gle formulae. 
For the 8-inch-chord a i r fo i l :  

(a) Tke shock formed, approximately 3 inches from the i za i l ing  
edge at  0.875 Mach number. 

(b) F l u t t e r  was divergent a t  approximately 100 cycle6 p e r  
second. 

The phase angle is dettxmined by wing the fact  that the natural 
frequency waa nearly the same as the f l u t t e r  frequency,  approximably 
100 cycles per second. Ln any system with only  one degree of freedam a. 

operating a t  o r  near its natural  frequency, the forcing  vector xi11 
be at  or ne& 90'. It m a  found that, by u s i n g  90' a8 the phase 
relation, the aerodynamic frequency would-be 134 c g c l e ~  per eecmd c 
(equation (9)).   ram equation (8) the p r e a c t e d  aerodynamic frequency 
w o u l d  be 137 cycles  per eecond, xhich checks the experimental value 
very well. 

The second small-scale experiment involved r ig id  wing xf thou t  
a hinged  control surface. !Chis condition can be aeeume'd to be 
e q u i v d n t   t o  a wing or  tat1 w l t h  a rigidly f i r s d  control surface. 
The r ig id i ty w a ~  such that no detectable motion of ehs model was 
noted although the shock wave6 oscillated over about 20 percent of 
the chord. The fallowing results were obtained: 

(a) Tke shock wave appeared  approximately 4.5 inches fram the 
t r a i l i ng  edge at 0.675 Mach number. 

(b) The shock osc i l l a t ed  a t  approximately 250 cyclea p e r  second. 

This is a condition simlkr t o  the  buffeting with P ixed  controls 
and the aerodynamic frequency (from equation (9)) m u s t  equal the  flow- - 
oscil lation frequency of 250 cycleg  per second. Computing t h e  
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3 aerodynamic frequency for conditions (a) by equation (8) gives 240 
- '  cyclea  per second, again a eatisfactory check w i t h .  the  experhental  

data. 

It is believed  that the exce.llent  correlation between the test 
, results and the  suggested  empirical  equation for predicting  the aero- 

dynamic frequency j u s t i f i e s  i t s  use until a more rational solution 
is developed. 

Applying the Suggested  Solutlan  to  the General Case 

It has been sham that the method presented for determining  the e 
. phase angle d v e s  remlts which agree with the data available; there- 

fore,  the computed frequency  can  probably  be used to   es tab l i sh  
design  cri-teria  for  other aMoi l s  and  controls. In computing the 
aerodynamic frequency up to   this   point   the   posi t ion of the shock has 
been  determined from shadowgrapha. A method of estimating the shock 
position is required  because shadowgraph d a t a  w i l l  not,  in most cases, 
be available. It is recommended that  the  distance  to  the  point o f  

' rninhum pressure and the   c r i t i ca l  Mach number of the section be u&ed 
in cmputing the aerodynamic' frequency fa. For example, the rnfn3m.m 
pressure on the standard king tes ted was a t  50 percen t  of the chord, 
and the   theore t ica l   c r i t i ca l  Mach number is 0.72. With these  values 
and the  average  chord,  the aerodynamic frequency is 33 cycles  per 
second. This frequency is in close agreement with  the 32 cycle8 per 
second calculated from the ac tua l   s t a t i c  shock poeition and Mach 
number, and w i t h  the 35 cycles  per second calculated  frequency from 
the mean position of the shock during f lut ter .  It is t o  be noted 
that the phase angle for the w b g  w i t h  tapered -thicknees (Ilk0) 
calculated frm the m e a n  shock poaition and the Mach number during 
f l u t t e r  does not check the angle measured by the shadowgraph  method 

number and the mininann pressure  point as suggested involves  using 
-an average c r i t i c a l   k c h  number,  due to   the  taper  in thickness,-wbich 
w a s  about 0.695. The minimum pressure was st i l l  at  the p p e r c e n t -  
chord  point and, as a result, the computed phase  angle i s  l5z0, which' 
is c lose   t o  the 155O determined from the shadowgraphs . 

' (155'). Computing this phase  angle by us ing   the   c r i t i ca l  Mach 

c The solution of the equation for the system with one degree of 
freedom has- been presented f o r  the system having  zero  spring  effect J.- 

, In applying We analyses  to  control  surfaces, there will usually be 
a spring restraint resul t ing from the  control  cables and structural 
deformation. The steady+tate solution for this case when the spring 
force opposes the displacement is 



E the  absolute magnitude of this ratio I s  greater than one, divergence 
w i l l  tend to occur, if less than one, convergence. Therefore, the  
condition for preventing steady f lu t te r  I s  

and 

and, theref ore , the frequency of osci l la t ion Ku1 be 

. 

(0.75 fa. 2 K ) 2  I = g;m 



I 

I 

. 

n 
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a resonant  condition  exists and the large amplitudes associated 
with resonance  can be expected. In the appendix, specific design 
considerations  are  discussed. 
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m e  data that have been presented in this report  show that 
cmtro l -aur face . f lu t te r  can resu l t  f rm transonic flows due $0 the 
time lag  in  the flow changes about the wing. The following  general 
conclusions can be made: 

1. The resu l t s  and analysis of the tests discussed have 
indicated that. transonic flutter can be prevented by my of the 
following methods : . .  . 

. .  

(a)  An irreversible  control. system. E this system is 
used it should be rigid enough so that the  natural 
frequency of the s y s t e m  is greater thaq the aero- 
-ic frequency. 

(b) A high inertia control emtam. W i t h  this system 
the   e las t ic  restraint i u a t  be a minimmu (natural 
frequency less than one- the aerodynamic 
frequency),  and the iner t ia  Kill generally be much 
greater than that resul t ing from conventional  desim. 

(c)  Addition of mechanical damping. Mechanical damping 
w i l l  generally be required if the natural frequency 
of the system is between one- the aerodynamic 
frequency  and the aerodynamic frequency. In same 
cases,  mechanical damping may be ueed in combina- 
t ion w i t h  e i the r   ( a )  o r  (b). 

(a) Aerodynamic balance. The only balance that can be 
considered as being  effective would be the over- 
hanging  type, e i the r  internal. o r  ex te rna l .  

2. A method of analysis has been suggested which appems to 
have some merit and it i e  recamended f o r  genen3.l use until more 
exacting  solutions are developed. . 

I ’  3. Even when flutter is prevented, there are indications that 
buffeting a t  the aerodynamfc frequency may be eqerienced. 

4. It appsars, on the basis  of the suggeeted solution, that 
wing section wfll a f f e c t   f l u t t e r  primarily by its control of the 
location of the shock, except  that, regardless of section  caritour, 
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increasing t h e  c r i t i c a l  Mach number of i+e eection will decrease 
the range of Mach numbers fn which transonic  f lutter will occur .  

Amee Aeronautical Laboratory, 
National Advisory Cammittee for Aeronautics, 

Moffett  Ffsld, Calif. 

The aileron w e d  for the  sv-s,3eecribed in this report had a m a ~ e  
mmnent of iner t ia  of 0.4093 f oo %&de seconds squared. Assuming zero 
damping and no spring restraint, it is found fram equation (14) that 

.. . 

therefore 

I(2zrf92 = 4390i 

The dynamic  hinge-mament slope wa,s -163 foo-kpounds per degree or  1 

approximately -9300 foe-ounde , per radian ( table  I) . 'Iheref ore, 
the  inertia would have to be more than doubled or damphg would 
have t o  be added t o  prevent Bustained flutter because the r a t i o  I 

(equation (U) would be 2.1 fnstead of less than one a8 requfred. 
If it l e  not feas ib le  t o  fncrease the iner t ia  of the system or  t o  
add damping, the only other alternative would be t o  restrab the 
aileron and make its mitural frequency very high. spring conatant 
required can be ccmrputsd assuming 39 lees than I# and Ccu2 
equal to zero in equation (14); 

f = f, 

then using equation (12), 

EO h must equal 26,900 foot-pounds per radian at  least ,  and the 
natural frequency of the system mmt be 41 c g c l e ~  per second o r  
more. In  both cases that have been considered, zero damping has 
been assumed. A c t u a l l y  there w i l l  a l ~ a y ~  be some damping in the 

v 

c 
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system from working of the structure,   fr iction, and aerodynamic 
sources. Unless it is found or estimated that this inherent damping 
is large, it should  be  used as a margin of safety. 

s 

Variation of the Aerodynamic Frequency 

The preceding discussion has considered the problem of '&-venting 
f l u t t e r  by  proper  mechanical  design of the control  surface. It is 
interesting to consider the possibi l i ty  of changing the shape of the 
wing so tha t  the aerodynamic frequency is high enough o r  low.enOu& 
so that f l u t t e r  will not occur  with  the  existing mechanical  conditions. 
For example, if it mre desired t o  me t he  i ne r t i a  of the system 
(0.4083 ft-lb sec2) t o  prevent f lut ter ,  assuming zero damping and 
no spring restraint, equation (12) requires that 

theref ore 

f > 24 cycles per second 

and from equation (14) 

fa > 48 cycles- per second 

a The aerodynamic frequency f o r  the test wing can be increased . . 

to  the  required 48 by any one o f  three methods or by  combinatiom of 
these methods. These are  (a) reducing  the  average  chord t o  3 2 0  f e e t  
without a l t e r ing  the airfoil section, (b) altering the section ao 

' as to move the peak press- aft t o  65.6 percent of the chord, or  (c) 
reducing  the c r i t i c a l  Mach number to &out 0.60 by making the section 
thicker. The only solution of any practical  significance is prpbably 
the one wherein the peak pressure is moved aft; however, even t h i e  
solution  has some. objections. 

I 

I In the case of an irreversible  control, the natural frequency 
must be  high and the aerodynamic frequency should be lowered rather 
than increased. 
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Effect of Spanwise Variation of 
Aerodynamic Frequency 

The find design condition t o  be considered is the variation 
of the aerodynamic frequency along the span. Due t o  the changes in 
the distance from the shock wave to the trailing edge and/or  varia- 
t ion of the c r i t i c a l  Maoh number along the span, a variation in  the 
phase re lat ion of the  forces dong the span can be produced. In all 
the calculations the average  chord  over the aileron has been used 
in ca lc~da t ing  the phase relation of the resultant force . The 
agreement w i t h  available  eqerimantal  data haa confirmed the va l id i ty  
of this asewnption. It is advisable t o  investigate the ef fec t  of 
the miatior, of phase angle along the span of the control Burface 
if there is a poseibli ty of a large variation. When the chan- in 
phase angle approaohes 360°, tomional loa- and torsional vibra- 

frequencies at the inbosrd and outboard ends of the aileron, 
respectively, the  frequency at  which the 360° m i a t i o n  occurs is 

ti- may become impmbt. If fal a d  fa2 are the mr~dynamic 

falfa2 
fa2 - fa1 f =  

From the above equation it o m  be ahown that the variation in the 
distance from the shock to the trailing edge over the man of the 
aileron at R given flutter frequency muat be 

Tor ezample, w 2 t h  a f l u t t e r  frequency of 20 cycles per second 
dl  - d2 must equal 3 -84 feet t o  obtain ,360~ phase variation &cross 
the aileron span. Thia vetrfation has nat been  checked experimentally; 
however, it is definitely posBible that combinations of high taper 
r a t i o  and considerable aerodynamic balance would prevent f l u t t e r  
due t o  the variation along the span mentioned and the reduced h l n p  
mments . O f  course, the iner t ia  of the control and the typ of 
restraint, if any, also enter in to  t h e  picture. Althou@ the 
consideratione Jut discussed may help t o  e q l a i n  why certain cm- 
figurations do not  f l u t t e r  it is obviaus that theee collEIiderations 
cannot be utilized in a deaiep at the present the due to many other 
factors  involved. 

. 
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Configuration 

I_ 

S t a n d  

Spnilera at 
0.w 

Bmps at O.5W 
Bump at 0.70~ 
Tapered bump 
Vent Holes, 

upper eurface 
Ven2 holes, 

upper and 
lover surfaces 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  

70 10.0 

70.4 I 8.6 
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Aileron 
3 

L 
h i -  

MI- 
tive 

rrmm 

- 
6.2 

2.3 
7.3 
4.0 
6 

5.7 

5.4 
I_ 

M = 0.81 elrcept for conditions 6 and 7 where M = 0.80. 
a = - 1' except for condition 4 where a = I". 

. . . . . . . .  
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Configuration 

standard 

Spoilers at 0.50~ 

Bumps a t  0.50~ 

B u m p  at  O.7Oc 

T3pred .bump 

Vent holes, 
upper surface 

Vent holes, upper 
and lower surfaces 

Average 

Average error, 11' 

142 

153 

147 

144 

114 

139 

141 

140 
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(a) General view of tip support. 

(b) D e t a i l  of t i p  support. 
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Figure 3. - Consecutive shadowgraphs of the wing with 
aileron fixed. Maoh number 0.$1; angle of attack 
-lo; standard oonf iguration. 
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Figure 4. - Shadow aph8 of the wing with the aileron free. 
Mach number, 0. r 1; angle of attack, -lo; standard 
conf lguration. 
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7Xme seconds 

figure 5 - kbriution of ui/eron angle and normu/ shock 
position with time. Much number, 0.82; ongle 
of utfuck, -lo; sfundard con?7gufo~~on. 
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Figure  6. - Coneeoutire shadowgraphs of the wing with 
the aileron fixed. Xaoh number 0.81; angle of 
attaek, -10; spoilers at 50 percent ohora on the 
upper and lower mrfaces. . 
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Figure 7. - Shatiowgraphs of the wing with the aileron 
free. Mach number, 0.81; angle of attack, -lo; 
spoilers at 50 percent ohord on the upper and 
lower Burfmes. 
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Gme, seconds 

figure 8.- Varibtion of aleron angle  and normal shock 
posl'hn wifh h e .  Mach m m b e ~  0.84 angle of 
m'tack, -lo; configuration, spoilers at 50 percent  chord 
on the upper md lower  surfuces. 
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Figure 10.- Shadowgraphs of the wing w i t h  the a i l e ron  
free. Mach number, 0.81; angle of attaok, -lo; 
fafred bump6 at 50 peroent ehord on the upper and 
lower  surfaoe8. 
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Figure 12.- Conaeoutive shadowgraphs of the wing with 
the afleron fixed. Xach number, 0.81. angle of 
attack, 1'; faire& bumps At 70 peraeni o h a d  on 
the upper an8 lower surfaces. 



N A C A  R M  N o .  A 7 F 3 0  F i g .  1 3  

1 

2 

5 

1 

6 

3 

Figure’13.- Shadow r8ph6 of the wfng with the aileron. 
Mach number, 0 .  !3 1; angle of attack, lo; faired 
bumps at  70 percent chord on the upper and lower 
~ u r f a c e ~ .  
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figure 14-Variation of  aileron  angle ond norma/  shock 
podion with time. Mach  numbe6 O ! ;  angle of 
atfack+ lo; configwati', faked bumps at 70 percent 
chord  on upper und lower  surface. 
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t(--30.2% N o  increase 

A - A  - 
Figure 15.- Thloknese taper uaeff t o  wiry the oritlcal 

Maoh number along the span. 
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Pigum 16.- Consecutive shaclowgraphs of the wing with the 
aileron irixe6. Woh ntmiber, 0.81; angle of attaek,-l*; 
thickness ratio of wing varying along the span, 
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- Figure 17.- Shadow raphs of the wing with the aileron free. 
Maoh number, 0. !ii 1; angle of attaok, -1'; thickness r a t io  
of  wing varying  along the epan. 
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figure 18. -Variation of aileron  angle und norma/ shock 
position with time. Mach number, 084 q l e  of 
otfock, -lo; cmfigurafim, wing thickness . rat# v a r -  
hg along span. 
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Figure 19.- Coneeoutive ehadowgraphs of  the wing  with the 
aileron fixe&, Mach number, O.$O; angle of attack,-lo; 
39 holes o f  15/16-inch aiameter i n  the upper surfaoe 
near the aileron, 
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Figure 20.- Shadongraphs of the wing with the aileron 
free. Mach number, O.$O; angle of attack, -10; 
39 holes of 15/16-1n~h aiameter in the upper 
8urfa.oe near the alleron. 
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Figure 22.- Coneeuutive shadowgraphs of the wing 
with the a i le ron  ffxed. Maoh number, 0.dO; 
angle of attack, -1’; 39 holes i n  upper surface 
and 15 holes   in  lower surfaoe near the aileron; 
diameter, 15/16 inches 
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Figure 23.- Shadowgrapha of the wing with the afleron 
free. Mach number, 0.80; angle o f  attack, -lo; 
39. holes in upper surface and 15 holes in- lower 
eurfaoe near the aileron; diameter, 15/16 inches. 
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Figure 25.- Inboard end of aileron with built-up 
f lat-el led seotlon and blunt tralllng edge. 
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i I I I I  

Flutter at 20.6 oyolea per seoond. 

.. . I I A-11458 

Flutter at 13 oyoles per reoonb. 

Figure 27.- Oecillograme for  the s t a n d a r d  wing an& aileron 
8howing ohange f’rom baeio aileron motion t o  wing motion. 
Mach number, 0.825; angle of attaok, -lo. 
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Figure 28.- Damege t o  the wlng whioh resulted from or 
wae the aauee of the f lutter at 13 oyolee per aeoond. 
The picture BhOWe the wing with aileron removed. 
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(a) Mach number 0.75 

(b) Mach number 0.775. 
Figure 29.- Reoorde o f  buffeting  hinge moments. Angle of 

attack, -lo; a i l e r o n  angle approximately, - 2 O .  
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(d) Mach number 0.825. 

Figure 29.- Concluded. 
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Figure ~32-Variafion of the drug coefficient  with Mach 
number for &e sfandurd confipruftion. 
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figure 33-Variation of Much number at which flutter occurr- 
ed with unple of utfack for the standard configuration with 
alieron free. 
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Hgure 34.--Locofion of upper surfuce shock wove under 
stotic mndfions. 
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